1. Introduction {#sec1}
===============

There are currently around 7 billion people in the world and this is expected to increase to approximately 8 billion some time around the year 2020. When one considers both the expected worldwide population increase and the increasing environmental damage that is a consequence of ever greater levels of industrialization, it is clear that in the next ten to twenty years it will be a significant challenge to feed all of the world\'s people, a problem that will only increase with time. There is absolutely no time to lose; to feed this growing population, the world needs to begin to greatly increase agricultural productivity, and to do so in a sustainable and environmentally friendly manner. To feed the growing world, it is necessary to re-examine many of the existing approaches to agriculture that includes the use of chemical fertilizers, herbicides, fungicides, and insecticides. Instead, sustainable agriculture will likely make much greater use of both transgenic plants (for example, see <http://www.isaaa.org/inbrief/default.asp>) and plant growth-promoting bacteria, or PGPB \[[@B138]\].

It has been estimated that around "40% of deaths worldwide are caused by water, air, and soil pollution" and that "environmental degradation, coupled with the growth in world population, are (considered to be) major causes behind the rapid (global) increase in human disease" (<http://www.sciencedaily.com/releases/2007/08/070813162438.htm>). That is, as a consequence of both increasing population and industrialization, the earth\'s atmospheric, terrestrial, and aquatic systems are no longer sufficient to absorb and break down the increasing amount of waste that we produce. As a result, the environment is increasingly contaminated with a range of toxic metals and organic compounds \[[@B33]--[@B201]\]. Recognizing the nature and magnitude of the problem is an important first step. However, even if all environmental pollution were to cease tomorrow, it is still essential that all of the contaminated lands and waters be remediated. One way to address this problem is through the use of phytoremediation, the purposeful use of plants to take up and concentrate or degrade a wide range of environmental pollutants \[[@B3]--[@B156]\]. Moreover, the addition of PGPB to plants that are used in phytoremediation protocols typically makes the entire remediation process much more efficacious \[[@B61], [@B55], [@B68]\].

2. Plant Growth-Promoting Bacteria (PGPB) {#sec2}
=========================================

Soil is replete with microscopic life forms including bacteria, fungi, actinomycetes, protozoa, and algae. Of these different microorganisms, bacteria are by far the most common (i.e., \~95%). It has been known for some time that the soil hosts a large number of bacteria (often around 10^8^ to 10^9^ cells per gram of soil) and that the number of culturable bacterial cells in soil is generally only about 1% of the total number of cells present \[[@B159]\]. However, in environmentally stressed soils the number of culturable bacteria may be as low as 10^4^ cells per gram of soil \[[@B180]\]. Both the number and the type of bacteria that are found in different soils are influenced by the soil conditions including temperature, moisture, and the presence of salt and other chemicals as well as by the number and types of plants found in those soils \[[@B65]\]. In addition, bacteria are generally not evenly distributed in soil. That is, the concentration of bacteria that is found around the roots of plants (i.e., in the rhizosphere) is typically much greater than in the rest of the soil. This is because of the presence of nutrients including sugars, amino acids, organic acids, and other small molecules from plant root exudates that may account for up to a third of the carbon that is fixed by a plant \[[@B6]--[@B191]\].

Regardless of the number of bacteria in a particular soil sample, the bacteria may affect plants in one of three ways. The interaction between soil bacteria and plants may be (from the perspective of the plant) beneficial, harmful, or neutral \[[@B101]\]. However, the effect that a particular bacterium has on a plant may change as the conditions change. For example, a bacterium that facilitates plant growth by providing either fixed nitrogen or phosphorus, compounds that are often present in only limited amounts in many soils, is unlikely to provide any benefit to plants when significant amounts of chemical fertilizer is added to the soil. In addition, it is possible for a particular bacterium to affect different plants disparately. Thus, for example, an IAA overproducing mutant of the bacterium *Pseudomonas fluorescens* BSP53a stimulated root development in blackcurrant cuttings while inhibiting the development of roots in cherry cuttings \[[@B40]\]. This observation may be interpreted as indicating that the blackcurrant cuttings contained a suboptimal level of IAA that was enhanced by the presence of the bacterium. On the other hand, with the cherry cuttings the IAA level was optimal prior to the addition of the bacterium and the additional IAA provided by the bacterium became inhibitory. Notwithstanding these caveats, it is usually a straightforward matter to decide whether a bacterium either promotes or inhibits plant growth.

The bacteria that can promote plant growth, that is, PGPB, include those that are free-living, those that form specific symbiotic relationships with plants (e.g., *Rhizobia* spp. and *Frankia* spp.), bacterial endophytes that can colonize some or a portion of a plant\'s interior tissues, and cyanobacteria (formerly called blue-green algae). Notwithstanding the differences between these bacteria, they all utilize the same mechanisms. PGPB may promote plant growth directly usually by either facilitating resource acquisition or modulating plant hormone levels, or indirectly by decreasing the inhibitory effects of various pathogenic agents on plant growth and development, that is, by acting as biocontrol bacteria \[[@B59]\].

Historically, *Rhizobia* spp. were studied extensively, from physiological, biochemical, and molecular biological perspectives, before much interest was shown in trying to understand or utilize other PGPB to facilitate plant growth \[[@B37]--[@B96]\]. Thus, these early studies became a conceptual starting point for mechanistic studies of PGPB. However, since unlike *Rhizobia* spp., most PGPB fix no or only a limited amount of nitrogen, studies to better understand some of the mechanisms used by PGPB have addressed a wide range of different mechanisms \[[@B65], [@B59], [@B94]\].

2.1. Commercialization {#sec2.1}
----------------------

Despite the, still, limited understanding of PGPB-plant interactions, a number of these bacteria are nevertheless used commercially as adjuncts to agricultural practice \[[@B138], [@B10]\]. Commercialized PGPB strains include *Agrobacterium radiobacter, Azospirillum brasilense, Azospirillum lipoferum, Azotobacter chroococcum, Bacillus fimus, Bacillus licheniformis, Bacillus megaterium, Bacillus mucilaginous, Bacillus pumilus, Bacillus* spp., *Bacillus subtilis, Bacillus subtilis* var. *amyloliquefaciens, Burkholderia cepacia, Delfitia acidovorans, Paenobacillus macerans, Pantoea agglomerans, Pseudomonas aureofaciens, Pseudomonas chlororaphis, Pseudomonas fluorescens, Pseudomonas solanacearum, Pseudomonas* spp., *Pseudomonas syringae, Serratia entomophilia, Streptomyces griseoviridis, Streptomyces* spp., *Streptomyces lydicus* and various *Rhizobia* spp. However, PGPB inoculated crops represent only a small fraction of current worldwide agricultural practice.

For the more extensive commercialization of PGPB strains, a number of issues need to be addressed. These include (i) determination of those traits that are most important for efficacious functioning and subsequent selection of PGPB strains with appropriate biological activities; (ii) consistency among regulatory agencies in different countries regarding what strains can be released to the environment, and under what conditions genetically engineered strains are suitable for environmental use; (iii) a better understanding of the advantages and disadvantages of using rhizospheric versus endophytic bacteria; (iv) selection of PGPB strains that function optimally under specific environmental conditions (e.g., those that work well in warm and sandy soils versus organisms better adapted to cool and wet environments); (v) development of more effective means of applying PGPB to plants in various settings (e.g., in the field versus in the greenhouse); (vi) a better understanding of the potential interactions between PGPB and mycorrhizae and other soil fungi.

3. Direct Mechanisms {#sec3}
====================

3.1. Facilitating Resource Acquisition {#sec3.1}
--------------------------------------

The best-studied mechanisms of bacterial plant growth promotion include providing plants with resources/nutrients that they lack such as fixed nitrogen, iron, and phosphorus. Many agricultural soils lack a sufficient amount of one or more of these compounds so that plant growth is suboptimal. To obviate this problem and obtain higher plant yields, farmers have become increasingly dependent on chemical sources of nitrogen and phosphorus. Besides being costly, the production of chemical fertilizers depletes nonrenewable resources, the oil and natural gas used to produce these fertilizers, and poses human and environmental hazards. It would obviously be advantageous if efficient biological means of providing nitrogen and phosphorus to plants could be used to substitute for at least a portion of the chemical nitrogen and phosphorus that is currently used.

### 3.1.1. Nitrogen Fixation {#sec3.1.1}

In addition to *Rhizobia* spp., a number of free-living bacteria, for example *Azospirillum* spp., are also able to fix nitrogen and provide it to plants \[[@B12]\]. However, it is generally believed that free-living bacteria provide only a small amount of what the fixed nitrogen that the bacterially-associated host plant requires \[[@B86]\]. Nitrogenase (*nif*) genes required for nitrogen fixation include structural genes, genes involved in activation of the Fe protein, iron molybdenum cofactor biosynthesis, electron donation, and regulatory genes required for the synthesis and function of the enzyme. In diazotrophic (nitrogen fixing) bacteria, *nif* genes are typically found in a cluster of around 20--24 kb with seven operons encoding 20 different proteins. Because of the complexity of this system, genetic strategies to improve nitrogen fixation have been elusive. At one time, some scientists believed once *nif*genes were isolated and characterized, that it would be possible to genetically engineer improvements in nitrogen fixation. And, a few individuals argued that it might be possible to genetically engineer plants to fix their own nitrogen. Today, these ideas seem somewhat naïve.

Since the process of nitrogen fixation requires a large amount of energy in the form of ATP, it would be advantageous if bacterial carbon resources were directed toward oxidative phosphorylation, which results in the synthesis of ATP, rather than glycogen synthesis, which results in the storage of energy in the form of glycogen. In one experiment, a strain of *Rhizobium tropici* was constructed with a deletion in the gene for glycogen synthase \[[@B106]\]. Treatment of bean plants with this engineered bacterium resulted in a significant increase in both the number of nodules that formed and an increase in the plant dry weight in comparison with treatment with the wild-type strain. This is one of the very few examples of scientists genetically modifying the nitrogen fixation apparatus of a bacterium and obtaining increased levels of fixed nitrogen. Unfortunately, while this mutant increased nodule number and plant biomass in the field, it does not survive well in the soil environment.

Oxygen is both inhibitory to the enzyme nitrogenase and is also a negative regulator of *nif*gene expression; however, it is required for *Rhizobium* spp. bacteroid respiration. To prevent oxygen from inhibiting nitrogen fixation while at the same time providing sufficient oxygen for the bacteroides within the nodule to respire, it is possible to introduce bacterial hemoglobin, which binds free oxygen. Following transformation of *Rhizobium etli* with a *Vitreoscilla* sp. (a gram negative bacterium) hemoglobin gene, at low levels of dissolved oxygen, the rhizobial cells had a two- to threefold higher respiratory rate than the nontransformed strain. In the greenhouse, following inoculation of bean plants with hemoglobin-containing *R. etli* the plants had 68% more nitrogenase activity than plants inoculated with wild-type *R. etli*. This difference led to a 25--30% increase in leaf nitrogen content and a 16% increase in the nitrogen content of the resultant seeds \[[@B136]\].

A small and localized rise in plant ethylene levels is often produced following the infection of legumes by *Rhizobium* spp. This increased ethylene concentration can inhibit subsequent rhizobial infection and nodulation \[[@B103]\]. Some rhizobial strains can increase the number of nodules that form on the roots of a host legume by limiting the rise in ethylene by synthesizing a small molecule called rhizobitoxine \[[@B199]\] that chemically inhibits the functioning of the enzyme ACC synthase, one of the ethylene biosynthetic enzymes. Alternatively, some rhizobial strains produce the enzyme ACC deaminase which removes some of the ACC (the immediate precursor to ethylene in plants) before it can be converted to ethylene \[[@B103]\]. The result of lowering the level of ethylene in legume hosts is that both the number of nodules and the biomass of the plant may be increased by 25--40% \[[@B104], [@B105]\]. In the field, approximately 1--10% of rhizobial strains naturally possess ACC deaminase \[[@B39]\] thus it is possible to increase the nodulation efficiency of *Rhizobia* strains that lack ACC deaminase by engineering these strains with *Rhizobia* ACC deaminase genes (and regulatory regions) isolated from other strains. In one instance, insertion of an ACC deaminase gene from *R. leguminosarum* bv. *viciae* into the chromosomal DNA of a strain of *Sinorhizobium meliloti* that lacked this enzyme dramatically increased both the nodule number and biomass of host alfalfa plants \[[@B105]\]. However, because of political/regulatory considerations, genetically engineered strains of *Rhizobia* are currently not acceptable for use in the field in most jurisdictions. This political/regulatory constraint notwithstanding, several commercial inoculant producers have already begun to screen/test their more recently isolated *Rhizobia* strains for active ACC deaminase.

### 3.1.2. Phosphate Solubilization {#sec3.1.2}

Despite the fact that the amount of phosphorus in the soil is generally quite high (often between 400 and 1,200 mg kg^−1^ of soil) most of this phosphorus is insoluble and therefore not available to support plant growth. The insoluble phosphorus is present as either an inorganic mineral such as apatite or as one of several organic forms including inositol phosphate (soil phytate), phosphomonesters, and phosphotriesters \[[@B91]\]. In addition, much of the soluble inorganic phosphorus that is used as chemical fertilizer is immobilized soon after it is applied so that it then becomes unavailable to plants and is therefore wasted.

The limited bioavailability of phosphorus from the soil combined with the fact that this element is essential for plant growth means that the inability to obtain sufficient phosphorus often limits plant growth \[[@B48]\]. Thus, solubilization and mineralization of phosphorus by phosphate-solubilizing bacteria is an important trait in PGPB as well as in plant growth-promoting fungi such as mychorrizae \[[@B141], [@B147]\].

Typically, the solubilization of inorganic phosphorus occurs as a consequence of the action of low molecular weight organic acids such as gluconic and citric acid, both of which are synthesized by various soil bacteria \[[@B147]--[@B148]\]. On the other hand, the mineralization of organic phosphorus occurs through the synthesis of a variety of different phosphatases, catalyzing the hydrolysis of phosphoric esters \[[@B147]\]. Importantly, phosphate solubilization and mineralization can coexist in the same bacterial strain \[[@B176]\].

Unfortunately, because of variable results, the commercial application of phosphate-solubilizing PGPB has been quite limited. In fact, the most consistent positive effects of applying phosphate-solubilizing bacteria are seen when these bacteria are coinoculated with bacteria with other physiological capabilities such as N fixation, or with mycorrhizal or nonmycorrhizal fungi \[[@B150]\].

### 3.1.3. Sequestering Iron {#sec3.1.3}

Despite the fact that iron is the fourth most abundant element on earth, in aerobic soils, iron is not readily assimilated by either bacteria or plants because ferric ion or Fe^+3^, which is the predominant form in nature, is only sparingly soluble so that the amount of iron available for assimilation by living organisms is extremely low \[[@B102]\]. Both microorganisms and plants require a high level of iron, and obtaining sufficient iron is even more problematic in the rhizosphere where plant, bacteria and fungi compete for iron \[[@B71], [@B97]\]. To survive with such a limited supply of iron, bacteria synthesize low-molecular mass siderophores (\~400--1500 Da), molecules with an exceptionally high affinity for Fe^+3^ (*K* ~*a*~ ranging from 10^23^ to 10^52^) as well as membrane receptors able to bind the Fe-siderophore complex, thereby facilitating iron uptake by microorganisms \[[@B78], [@B119]\]. At the present time, there are over 500 known siderophores; the chemical structures of 270 of these compounds have been determined \[[@B78]\].

The direct benefits of bacterial siderophores on the growth of plants have been demonstrated in several different types of experiments. For example, (i) several studies using radiolabeled ferric-siderophores as a sole source of iron showed that plants are able to take up the labeled iron \[[@B29]--[@B197]\]; (ii) mung bean plants, inoculated with the siderophore-producing *Pseudomonas* strain GRP3 and grown under iron-limiting conditions, showed reduced chlorotic symptoms and an enhanced chlorophyll level compared to uninoculated plants \[[@B163]\]; (iii) the Fe-pyoverdine complex synthesized by *Pseudomonas fluorescens* C7 was taken up by *Arabidopsis thaliana* plants, leading to an increase of iron inside plant tissues and to improved plant growth \[[@B184]\].

The provision of iron to plants by soil bacteria is even more important when the plants are exposed to an environmental stress such as heavy metal pollution. In this case, siderophores help to alleviate the stresses imposed on plants by high soil levels of heavy metals \[[@B13]--[@B36]\].

Plant iron nutrition can affect the structure of bacterial communities in the rhizosphere. For example, transgenic tobacco that overexpresses ferritin and accumulates more iron than nontransformed tobacco has less bioavailable iron in the rhizosphere \[[@B144]\]. As a consequence, the composition of the rhizosphere bacterial community differed significantly when compared to nontransformed tobacco lines.

3.2. Modulating Phytohormone Levels {#sec3.2}
-----------------------------------

Plant hormones play key roles in plant growth and development and in the response of plants to their environment \[[@B31]\]. Moreover, during its lifetime, a plant is often subjected to a number of nonlethal stresses that can limit its growth until either the stress is removed or the plant is able to adjust its metabolism to overcome the effects of the stress \[[@B63]\]. When plants encounter growth limiting environmental conditions, they often attempt to adjust the levels of their endogenous phytohormones in order to decrease the negative effects of the environmental stressors \[[@B155]\]. While this strategy is sometimes successful, rhizosphere microorganisms may also produce or modulate phytohormones under in vitro conditions \[[@B155]\] so that many PGPB can alter phytohormone levels and thereby affect the plant\'s hormonal balance and its response to stress \[[@B63]\].

### 3.2.1. Cytokinins and Gibberellins {#sec3.2.1}

Several studies have shown that many soil bacteria in general, and PGPB in particular, can produce either cytokinins or gibberellins or both \[[@B121]--[@B193]\]. Thus, for example, cytokinins have been detected in the cell-free medium of some strains of *Azotobacter* spp., *Rhizobium* spp., *Pantoea agglomerans*, *Rhodospirillum rubrum*, *Pseudomonas fluorescens, Bacillus subtilis,* and *Paenibacillus polymyxa.* Moreover, plant growth promotion by some cytokinin- or gibberellin-producing PGPB has been reported \[[@B4]--[@B196]\]. However, a detailed understanding of the role of bacterially-synthesized hormones and how the bacterial production of these plant hormones is regulated is not currently available. Thus, much of what we believe to be the role of bacterially-produced cytokinins and gibberellins is based on our knowledge of plant physiological studies following the exogenous addition of purified hormones to growing plants. Finally, some strains of phytopathogens can also synthesize cytokinins. However, it appears that PGPB produce lower cytokinin levels compared to phytopathogens so that the effect of the PGPB on plant growth is stimulatory while the effect of the cytokinins from pathogens is inhibitory.

### 3.2.2. Indoleacetic Acid {#sec3.2.2}

Although several naturally occurring auxins have been described in the literature, indole-3-acetic acid (indoleacetic acid, IAA) is by far the most common as well as the most studied auxin, and much of the scientific literature considers auxin and IAA to be interchangeable terms \[[@B127], [@B171]\]. IAA affects plant cell division, extension, and differentiation; stimulates seed and tuber germination; increases the rate of xylem and root development; controls processes of vegetative growth; initiates lateral and adventitious root formation; mediates responses to light, gravity and florescence; affects photosynthesis, pigment formation, biosynthesis of various metabolites, and resistance to stressful conditions \[[@B170], [@B182]\].

It has been known for more than 70 years that different IAA concentrations affect the physiology of plants in dramatically different ways. Plant responses to IAA vary from one type of plant to another, where some plants are more or less sensitive to IAA than other plants; according to the particular tissue involved, for example, in roots versus shoots (the optimal level of IAA for supporting plant growth is \~5 orders of magnitude lower for roots than for shoots); and as a function of the developmental stage of the plant. However, the endogenous pool of plant IAA may be altered by the acquisition of IAA that has been secreted by soil bacteria. In this regard, the level of IAA synthesized by the plant is important in determining whether bacterial IAA stimulates or suppresses plant growth. In plant roots, endogenous IAA may be suboptimal or optimal for growth \[[@B131]\] and additional IAA that is taken up from bacteria could alter the IAA level to either optimal or supraoptimal, resulting in plant growth promotion or inhibition, respectively.

IAA synthesized by bacteria may be involved at different levels in plant-bacterial interactions. In particular, plant growth promotion and root nodulation are both affected by IAA. The role of IAA that was synthesized by the PGPB *Pseudomonas putida* GR12-2 in the development of canola roots was studied following the construction of an IAA-deficient mutant of this strain \[[@B128]\]. Seed inoculation with wild-type *P. putida* GR12-2 induced the formation of roots that were 35--50% longer than the roots from seeds treated with the IAA-deficient mutant and the roots from uninoculated seeds. On the other hand, inoculation of mung bean cuttings with a mutant of the same strain \[[@B194]\], which overproduces IAA, yielded a much greater number of shorter roots compared with controls \[[@B109]\]. This result was explained by the combined effect of auxin on growth promotion and inhibition of root elongation by ethylene \[[@B84]\]. The bacterial IAA that was incorporated by the plant stimulated the activity of the enzyme ACC synthase, resulting in increased synthesis of ACC \[[@B84]\], and a subsequent rise in ethylene that inhibited root elongation \[[@B142]\]. Overall, bacterial IAA increases root surface area and length, and thereby provides the plant has greater access to soil nutrients. In addition, bacterial IAA loosens plant cell walls and as a result facilitates an increasing amount of root exudation that provides additional nutrients to support the growth of rhizosphere bacteria.

Most *Rhizobium* strains that have been examined have been found to produce IAA \[[@B5]\] and several studies have suggested that increases in auxin levels in the host plant are necessary for nodule formation \[[@B107]\]. Thus, mutants of the bacterium *Bradyrhizobium elkanii* that had a decreased level of IAA synthesis induced fewer nodules on soybean roots than did the wild-type strain \[[@B51]\]. In addition, in nodules induced by low IAA-producing mutants of *Rhizobium* sp. NGR234, the IAA content was found to be lower than in nodules induced by the wild-type strain, supporting the idea that part of the IAA found in nodules is of prokaryotic origin and that this IAA facilitates nodulation \[[@B177]\].

### 3.2.3. Ethylene {#sec3.2.3}

The plant hormone ethylene is one of the simplest molecules with biological activity. According to the Hebrew Bible, the prophet Amos was a "herdsman and a nipper of figs." This statement is interpreted as indicating that as early as the ninth century B C E, an awareness existed that nipping or piercing figs produced ethylene gas thereby hastening the ripening process and making the figs sweeter.

The plant hormone ethylene has a wide range of biological activities and is active at concentrations as low as 0.05 *μ*L/L although ripening fruit may have ethylene levels of \~200 *μ*L/L \[[@B1]\]. Ethylene can affect plant growth and development in a large number of different ways including promoting root initiation, inhibiting root elongation, promoting fruit ripening, promoting flower wilting, stimulating seed germination, promoting leaf abscission, activating the synthesis of other plant hormones, inhibiting *Rhizobia* spp. nodule formation, inhibiting mycorrhizae-plant interaction, and responding to both biotic and abiotic stresses \[[@B1]\]. The ethylene that is synthesized as a response to various stresses is called "stress ethylene" \[[@B1]\] and it describes the increase in ethylene synthesis that is typically associated with various environmental stresses including extremes of temperature; high light; flooding; drought; the presence of toxic metals and organic pollutants; radiation; wounding; insect predation; high salt; various pathogens including viruses, bacteria, and fungi \[[@B113]\]. The increased amount of ethylene that is formed in response to various environmental stresses can exacerbate some of the symptoms of the stress or it can lead to responses that enhance plant survival under adverse conditions. This seemingly contradictory behavior may be explained by a model wherein plants that are exposed to stress quickly respond by producing a small peak of ethylene that initiates a protective response by the plant, for example, transcription of genes encoding defensive proteins \[[@B63], [@B26]\]. If the stress persists or is intense, a second much larger peak of ethylene occurs, often several days later. This second ethylene peak induces processes such as senescence, chlorosis, and abscission that may lead to a significant inhibition of plant growth and survival.

Following the discovery in soil bacteria of the enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase \[[@B79]\], several studies indicated that this enzyme was a common feature of many PGPB \[[@B16], [@B69]\]. In addition, a model was formulated wherein the role of this enzyme in the facilitation of plant growth by PGPB was elaborated \[[@B66]\]. In this model, PGPB colonize the seed or root of a growing plant and, in response to tryptophan and other small molecules in seed or root exudates, the bacteria synthesize and secrete IAA \[[@B127], [@B128]\]. This bacterial IAA, together with endogenous plant IAA, can either stimulate plant growth or induce the synthesis of the plant enzyme ACC synthase that converts the compound *S*-adenosyl methionine to ACC, the immediate precursor of ethylene in all higher plants. A portion of the newly synthesized ACC is excluded from seeds or plant roots \[[@B129]\], taken up by the PGPB, and converted by the enzyme ACC deaminase to ammonia and *α*-ketobutyrate, compounds that are readily assimilated. As a direct consequence of this enzyme\'s activity, the amount of ethylene produced by the plant is reduced. Therefore, root or seed colonization by PGPB that synthesize ACC deaminase prevents plant ethylene levels from becoming growth inhibitory \[[@B59], [@B66]\]. In the short term, the main visible effect of seed or root inoculation with ACC deaminase-producing bacteria is the enhancement of plant root elongation; promotion of shoot growth is generally seen in longer term experiments \[[@B65], [@B28]--[@B162]\]. In addition, other processes such as nodulation of legumes and mycorrhizal establishment in the host plant induce local increases in ethylene content. As a result, by lowering the local ethylene content in these plants, ACC deaminase-producing bacteria can increase the extent of both rhizobial nodulation and mycorrhizal colonization, in various legumes such as pea, alfalfa, mung bean, and chickpea \[[@B104], [@B105], [@B162], [@B117]\] and cucumber \[[@B52]\], respectively.

4. Indirect Mechanisms {#sec4}
======================

The ability of biocontrol bacteria to indirectly promote plant growth has been the source of considerable interest, both in terms of (i) developing an understanding of some of the underlying mechanisms used by the biocontrol bacteria and (ii) utilizing these bacteria commercially instead of chemical pesticides. In fact, these two objectives are largely complementary. That is, understanding the mechanisms that are employed by biocontrol bacteria should facilitate the subsequent efficacious use of these bacterial strains in an applied setting.

4.1. Antibiotics and Lytic Enzymes {#sec4.1}
----------------------------------

The synthesis of a range of different antibiotics is the PGPB trait that is most often associated with the ability of the bacterium to prevent the proliferation of plant pathogens (generally fungi) \[[@B27]--[@B192]\]. Many of these antibiotics together with their specificity and mode of action have been studied in detail, and some of these biocontrol strains have been commercialized. One problem with depending too much on antibiotic-producing bacteria as biocontrol agents is that with the increased use of these strains, some phytopathogens may develop resistance to specific antibitoics. To prevent this from happening, some researchers have utilized biocontrol strains that synthesize hydrogen cyanide as well as one or more antibiotics. This approach is effective because, while hydrogen cyanide may not have much biocontrol activity by itself, it appears to act synergistically with bacterially encoded antibiotics.

Some biocontrol bacteria produce enzymes including chitinases, cellulases, *β*-1,3 glucanases, proteases, and lipases that can lyse a portion of the cell walls of many pathogenic fungi. PGPB that synthesize one or more of these enzymes have been found to have biocontrol activity against a range of pathogenic fungi including *Botrytis cinerea*, *Sclerotium rolfsii*, *Fusarium oxysporum, Phytophthora* spp., *Rhizoctonia solani,* and *Pythium ultimum* \[[@B50]--[@B169]\].

4.2. Siderophores {#sec4.2}
-----------------

Some bacterial strains that do not employ any other means of biocontrol can act as biocontrol agents using the siderophores that they produce. In this case, siderophores from PGPB can prevent some phytopathogens from acquiring a sufficient amount of iron thereby limiting their ability to proliferate \[[@B38], [@B93]\]. It has been suggested that this mechanism is effective because biocontrol PGPB produce siderophores that have a much greater affinity for iron than do fungal pathogens \[[@B158]\] so that the fungal pathogens are unable to proliferate in the rhizosphere of the roots of the host plant because of a lack of iron \[[@B125]\]. In this model, the biocontrol PGPB effectively out-compete fungal pathogens for available iron.

On the other hand, the growth of plants is generally not affected by the depletion of iron in the rhizosphere caused by the siderophores produced by biocontrol PGPB because most plants can grow at much lower iron concentrations than most microorganisms \[[@B125]\]. In addition, many plants can bind, take up and then utilize the biocontrol PGPB iron-siderophore complex \[[@B11], [@B187]\].

Experimental evidence that is consistent with the involvement of biocontrol PGPB siderophores in the suppression of fungal pathogen-caused plant disease comes from several different studies. For example, some studies have included the use of mutants that were defective in siderophore production and found that these strains were less effective than the wild-type strains at protecting plants against fungal pathogens \[[@B22]--[@B108]\]. On the other hand, one study observed that siderophore overproducing mutants were more effective at protecting plants against fungal pathogens \[[@B183]\].

4.3. Competition {#sec4.3}
----------------

Although it is difficult to demonstrate directly, some indirect evidence indicates that competition between pathogens and nonpathogens (PGPB) can limit disease incidence and severity. Thus, for example, abundant nonpathogenic soil microbes rapidly colonize plant surfaces and use most of the available nutrients, making it difficult for pathogens to grow. For example, in one series of experiments, researchers demonstrated that treatment of plants with the leaf bacterium *Sphingomonas* sp. prevented the bacterial pathogen *Pseudomonas syringae* pv. tomato from causing pathogenic symptoms \[[@B83]\].

4.4. Ethylene {#sec4.4}
-------------

Plants typically respond to the presence of phytopathogens by synthesizing stress ethylene that exacerbates the effects of the stress on the plant \[[@B1]\]. Thus, one way to decrease the damage to plants caused by a wide range of phytopathogens is to lower the plant\'s ethylene response \[[@B62]\]. The simplest way to do this is to treat plants (generally the roots or seeds are treated) with ACC deaminase-containing PGPB \[[@B66]\]. To date, this strategy has been shown, in greenhouse and growth chamber experiments, to lower the damage to cucumber, potato, castor bean, tomato, carrot, and soybean plants \[[@B76]--[@B188]\]. Importantly, these studies have tested several different phytopathogens including *Pythium ultimum*, *Fusarium oxysporum*, *Erwinia carotovora*, *Agrobacterium tumefaciens*, *Agrobacterium vitis*, *Sclerotium rolfsii*, and *Rhizoctonia solani*. In addition, transgenic plants that express a bacterial ACC deaminase are protected to a significant level against damage from various phytopathogens \[[@B100], [@B146]\]. Notwithstanding these potentially exciting results, the ability of ACC deaminase-containing PGPB to decrease the damage to plants from pathogens, in the field, has not been tested. This likely reflects a reluctance of many individuals to deal with the potentially difficult regulatory approval process for doing this sort of field testing.

4.5. Induced Systemic Resistance {#sec4.5}
--------------------------------

PGPB can trigger a phenomenon in plants known as induced systemic resistance (ISR) that is phenotypically similar to the systemic acquired resistance (SAR) that occurs when plants activate their defense mechanisms in response to infection by a pathogenic agent \[[@B130]\]. ISR-positive plants are said to be "primed" so that they react faster and more strongly to pathogen attack by inducing defense mechanisms. ISR does not target specific pathogens. Rather, it may be effective at controlling diseases caused by different pathogens. ISR involves jasmonate and ethylene signaling within the plant and these hormones stimulate the host plant\'s defense responses to a range of pathogens \[[@B185]\]. ISR does not require any direct interaction between the resistance-inducing PGPB and the pathogen \[[@B9]\]. Besides ethylene and jasmonate, other bacterial molecules such as the *O*-antigenic side chain of the bacterial outer membrane protein lipopolysaccharide, flagellar proteins, pyoverdine, chitin, *β*-glucans, cyclic lipopeptide surfactants, and salicylic acid have all been reported to act as signals for the induction of systemic resistance.

5. Modulating the Effects of Environmental Stress {#sec5}
=================================================

Under ideal circumstances, a large portion of a plant\'s growth and development may be thought of as proceeding in a more or less linear fashion over time \[[@B63]\]. However, in the field, the growth of plants may be inhibited by a large number of different biotic and abiotic stresses. These stresses include extremes of temperature, high light, flooding, drought, the presence of toxic metals and environmental organic contaminants, radiation, wounding, insect predation, nematodes, high salt, and various pathogens including viruses, bacteria and fungi. Therefore, as a consequence of these many different environmental stresses, plant growth is invariably lower than it would be in their absence. Moreover, during its life, a plant may be subjected to a number of nonlethal stresses that limit its growth until either the stress is removed or the plant is able to adjust its metabolism to overcome the stress. Thus, in practice, plant growth typically consists of periods of maximal growth interspersed with periods of various levels of growth inhibition. When they are added to plants, PGPB may employ any one or more of several different mechanistic strategies in an effort to overcome this growth inhibition.

5.1. Ethylene {#sec5.1}
-------------

Most of the aforementioned environmental stresses result in the production of inhibitory levels of stress ethylene. As mentioned above when discussing the stress ethylene produced as a consequence of phytopathogen infection, high levels of ethylene and the damage that it causes may be at least partially avoided by employing ACC deaminase-containing PGPB \[[@B60]\]. Some of the abiotic stresses whose effects can be ameliorated in this way include temperature extremes \[[@B64]\], flooding \[[@B70]\], drought \[[@B110], [@B200]\], metals and metaloids \[[@B20], [@B21], [@B24]--[@B152]\], hypoxia \[[@B95]\], salt \[[@B2]--[@B198]\], and organic contaminants \[[@B139], [@B140], [@B72]--[@B81]\].

The above mentioned reports from all over the world indicating that numerous different ACC deaminase-containing PGPB can provide significant protection to plants from a range of abiotic stresses suggests that this technology is ready to be utilized commercially in the field and that this approach could make a significant impact on agricultural practice. However, given the reluctance in many jurisdictions to utilize bacteria in agriculture on a large scale, it is likely that ACC deaminase-containing bacteria are more likely to find their first large scale commercial uses as components of phytoremediation protocols, that is, the simultaneous use of bacteria and plants to remove metals and organic contaminants from the environment \[[@B61], [@B55]\].

5.2. IAA {#sec5.2}
--------

There are several reports indicating that some PGPB that do not contain ACC deaminase are nevertheless able to protect plants against the deleterious effects of abiotic stresses. In the more recent scientific literature, it has been suggested that PGPB may help plants to overcome abiotic stresses by providing the plant with IAA that directly stimulates plant growth, even in the presence of otherwise inhibitory compounds \[[@B14]--[@B190]\].

In addition to the above mentioned reports, a large number of studies have suggested that the bacteria that most effectively protect plants against a wide range of different stresses produce both IAA and ACC deaminase \[[@B63], [@B45]--[@B160]\]. One model that describes how IAA and ACC deaminase synergistically promote plant growth may described as follows \[[@B59], [@B63], [@B54]\]: the amino acid tryptophan is excluded by plant roots and then taken up by PGPB bound to the roots, where it is converted into IAA. The bacterially produced IAA is secreted, taken up by plant cells and, together with the plant\'s pool of IAA stimulates an auxin signal transduction pathway, including various auxin response factors. As a consequence, plant cells grow and proliferate; at the same time, some of the IAA promotes transcription of the gene encoding the enzyme ACC synthase, thereby yielding an increased concentration of ACC and eventually ethylene (as catalyzed by the enzyme ACC oxidase since ACC is the immediate precursor of ethylene). Various biotic and abiotic stresses may also either increase the synthesis of IAA or stimulate the transcription of the gene for ACC synthase. In the presence of a bacterium that contains the enzyme ACC deaminase, some ACC may be taken up the PGPB bound to the plant, and degraded to ammonia and *α*-ketobutyrate. Thus, an ACC deaminase-containing PGPB acts as a sink for ACC with the consequence that, following an environmental stress, a lower level of ethylene is produced by the plant and the stress response of the plant is decreased. As the level of ethylene in a plant increases, the transcription of auxin response factors is inhibited \[[@B63], [@B30]--[@B172]\]. In the absence of bacterial ACC deaminase, by limiting transcription of auxin response factors, ethylene limits both cell growth and proliferation, and (important for plant survival) IAA stimulation of the synthesis of additional ethylene. In the presence of ACC deaminase, less ethylene is formed. Thus, when ACC deaminase is present, transcription of auxin response factors is not inhibited, and IAA can stimulate cell growth and proliferation without simultaneously causing a buildup of ethylene. Consequently, ACC deaminase both decreases ethylene inhibition of plant growth, and allows IAA to maximally promote plant growth, both in the presence and absence of plant stress.

5.3. Cytokinin {#sec5.3}
--------------

Cytokinins are compounds with a structure resembling adenine (Sakakibara 2006) that are named based on their ability to promote cytokinesis or cell division in plants. They are produced by plants, some yeast strains and by a number of soil bacteria, including PGPB \[[@B155], [@B154]\]. Transgenic plants that overproduce cytokinins, especially during periods of abiotic stress, are significantly protected from the deleterious effects of those stresses \[[@B143]\]. Unfortunately, there are not yet any definitive studies indicating whether bacterially-produced cytokinins can also protect plants from abiotic stresses. This would involve a detailed comparison of the biological activity of cytokinin-producing PGPB with cytokinin minus mutants of those bacteria.

5.4. Trehalose {#sec5.4}
--------------

Trehalose is a nonreducing disaccharide, an *α*, *α*-1,1-glucoside, consisting of two molecules of *α*-glucose, that is widely distributed in nature. It is found in bacteria, yeast, fungi, plants, insects, and invertebrates. High levels of trehalose can act as a protectant against several different abiotic stresses including drought, high salt, and extremes of temperature. Trehalose, a highly stable molecule that is resistant to both acid and high temperature and can form a gel phase as cells dehydrate, replacing water and, as a result, decreasing damage from drought and salt. In addition, trehalose can prevent some of the protein degradation and aggregation that often occurs under both high and low temperature stresses.

One way to confer drought (and other stress) tolerance onto plants is to treat the plants with PGPB that have been engineered to overproduce trehalose \[[@B149], [@B173]\]. Thus, when bean plants were treated with the symbiotic bacterium *Rhizobium etli* that had been genetically engineered to overproduce trehalose, the host plants had more nodules, fixed more nitrogen, had more biomass and recovered to a greater extent from drought stress than plants inoculated with wild-type *R. etli* \[[@B173]\]. Similarly, when maize plants were treated with the PGPB *Azospirillum brasilense* that had previously been modified to overproduce trehalose, the treated plants were more drought resistant and produced more biomass than plants treated with wild-type *A. brasilense* \[[@B149]\]. Although it is also possible to engineer plants to overproduce trehalose, it is much simpler to use genetically manipulated PGPB to achieve the same end. In addition, a single engineered bacterial strain may effectively protect a large number of different crop plants.

5.5. Antifreeze {#sec5.5}
---------------

To function effectively in the field, a PGPB must be to persist and proliferate in the environment \[[@B67]\]. In addition, in cold and temperate climates many fungal phytopathogens are most destructive when the soil temperature is low. In those environments, cold tolerant (psychrotrophic) biocontrol PGPB are likely to be more effective in the field than mesophilic biocontrol strains. Moreover, in countries such as Canada, Sweden, Finland, and Russia, PGPB must be functional at the cool soil temperatures that are common in the spring (i.e., \~5--10°C). It would also be advantageous if added PGPB were able to survive repeated freeze thaw cycles that are common during the winter in many places. Nearly twenty years ago, several workers reported for the first time that some psychrophilic and psychrotrophic bacteria, including PGPB, secrete antifreeze proteins into the surrounding medium when the bacteria are grown at low temperatures \[[@B43]--[@B195]\]. Bacterial antifreeze proteins, some of which may also have ice-nucleation activity, appear to regulate the formation of ice crystals outside of the bacterium, thereby protecting the bacterial cell wall and membrane from potentially lethal damage (piercing) from the formation of large ice crystals that might otherwise occur at freezing temperatures.

Since the initial reports of bacterial antifreeze proteins, there have been several additional reports documenting the isolation and characterization of bacterial antifreeze proteins \[[@B23], [@B56]--[@B137]\]. However, none of these studies have explored the possibility of using this activity to facilitate the functioning of PGPB in environments that include cold temperatures.

6. Conclusions {#sec6}
==============

The use of PGPB as an integral component of agricultural practice is a technology whose time has come. These bacteria are already being used successfully in a number of countries in the developing world and this practice is expected to grow. In the more developed world, where agricultural chemicals remain relatively inexpensive, the use of PGPB occupies a small but growing niche in the development of organic agriculture. In addition, it is reasonable to expect the increased use of PGPB in various phytoremediation strategies.

However, the more widespread utilization of PGPB will necessitate that a number of issues be addressed. In the first instance, going from laboratory and greenhouse experiments to field trials to large scale commercial field use will require a number of new approaches for the growth, storage, shipping, formulation and application of these bacteria. Second, it will be necessary to educate the public about the use of PGPB in agriculture on a large scale. Much popular mythology is directed toward thinking about bacteria only as agents of disease. This misconception needs to be corrected before the public accepts the deliberate release of beneficial bacteria into the environment on a large scale. Third, while initial PGPB are likely to be nontransformed bacterial strains that have been selected for certain positive traits, it is likely in the future, as a greater understanding of the mechanisms at play in the bacterial stimulation of plant growth is gained, that scientists will genetically engineer more efficacious strains. Scientists will need to prove to both the public and to regulatory agencies worldwide that genetically engineered PGPB do not present any new hazards or risks. Fourth, scientists will need to determine whether future research should be directed toward developing PGPB that are rhizospheric or endophytic. Fifth, it will be necessary to better understand and then to optimize the relationship between PGPB and mychorrhizae \[[@B52]\].

Notwithstanding the above-mentioned constraints, there is every reason to believe that agricultural practice will slowly be able to shift its focus to the efficacious use of PGPB. Thus, the future of this technology looks extremely bright.
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